Lung cancer is the largest contributor to mortality from cancer. The National Lung Screening Trial (NLST) showed that screening with low-dose helical computed tomography (CT) rather than with chest radiography reduced mortality from lung cancer. We describe the screening, diagnosis, and limited treatment results from the initial round of screening in the NLST to inform and improve lung-cancerscreening programs.
L ung cancer is the largest single cause of deaths from cancer in the world [1] [2] [3] and is expected to account for more than 160,000 deaths in the United States during 2013. 4 Most patients with lung cancer have smoked cigarettes. 5 Of 94 million U.S. smokers, half are former smokers whose risk remains elevated decades after cessation. 6 In the National Lung Screening Trial (NLST) of screening for lung cancer in older persons who were heavy smokers, 7 mortality from lung cancer was lower with the use of 3 years of annual screening with low-dose helical computed tomography (CT) than with the use of chest radiography. 8 In addition, the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) 9 showed that among approximately 30,000 participants with baseline characteristics that were similar to those of the NLST participants, mortality from lung cancer did not differ significantly between participants undergoing screening by means of chest radiography and those receiving usual care, 10 confirming the results of previous randomized trials of screening with the use of chest radiography. [11] [12] [13] The NLST, a joint effort of the Lung Screening Study (LSS) and the American College of Radiology Imaging Network (ACRIN), both funded by the National Cancer Institute (NCI), began randomly assigning participants in August 2002 to annual screening for 3 years with the use of either low-dose CT or chest radiography. Details of the study design 7 and the rationale for choosing chest radiography as the control procedure 14 have been published previously. A better understanding of the screening process, including the frequency and management of positive screening results, can inform the implementation of lungcancer screening programs as well as efforts to improve them. Here, we describe the screening, diagnosis, and limited treatment results from the initial round of screening in the NLST.
Me thods

Study Participants and Study Conduct
At 33 screening centers, we recruited asymptomatic men and women, 55 to 74 years of age, who had a history of at least 30 pack-years of cigarette smoking and who were either current smokers or had been smokers within the previous 15 years. Participants were randomly assigned to undergo annual screening for 3 years with the use of either low-dose CT or chest radiography. The study was approved by the institutional review board at each study center, and all participants provided written informed consent before undergoing randomization. Details of recruitment and randomization methods have been published previously. 7
Screening Equipment and Procedures
Low-dose CT was performed on multidetector helical CT scanners of four or more channels. Single-view posteroanterior chest radiographs were obtained with the use of conventional film or digital radiographic systems. Technical standards and acquisition variables for both low-dose CT and chest radiographic screening have been published previously. 7, [15] [16] [17] 
Image Interpretation
Results were recorded on forms developed for the study. The screening image was classified as diagnostic, limited but diagnostic, or nondiagnostic, with the reasons documented.
For low-dose CT, all noncalcified nodules with long-axis diameters of 4 mm or greater in the axial plane were considered to be positive for potential lung cancer. For all positive nodules, the anatomical location (lobe), longest axial, perpendicular diameters, margin characteristics, attenuation, and representative slice number were recorded.
For chest radiography, the results were read on original film or digital image. All noncalcified nodules and masses were considered to be potentially positive for lung cancer, and for all positive nodules, the anatomical location, longest perpendicular diameters, and margin characteristics were recorded.
The interpreting radiologist judged whether the screening results were positive on the basis of findings such as noncalcified hilar or mediastinal adenopathy, atelectasis, and pleural disease. Available historical images were reviewed, and all results and recommendations were recorded. Screening results were classified as positive, negative with clinically significant abnormalities, negative with minor abnormalities, or negative with no abnormality. Participants without diagnostic results were considered to be unscreened. Although the NLST had guidelines for the follow-up of positive screening results, radiologists could make diagnostic recommen-dations as they saw fit. Screening results were reported to the participant and the participant's designated health care provider, by mail, within 4 weeks.
Follow-up of Study Participants
All participants were mailed annual questionnaires (for the LSS participants) or semiannual questionnaires (for the ACRIN participants) ascertaining vital status and interim cancer diagnoses. Among participants with positive screening results or with a diagnosis of lung cancer, all related diagnostic procedures, complications (not reported here), and results were abstracted by certified medical-record abstractors.
For cases of diagnosed lung cancer, the histologic type and grade, tumor stage, 18 and initial treatment were documented. To augment the ascertainment of deaths from questionnaires, the National Death Index was also searched through December 31, 2007 . Determination of the cause of death led to the discovery of some previously unreported cases of lung cancer, which were also abstracted.
Here, we describe the results of the first round of screening and diagnostic evaluations that were initiated on the basis of positive findings at the screening visit, as well as all cancers diagnosed and treatments initiated at any time after randomization until the second screening, if applicable, or until 1 year after the first screening. A diagnostic evaluation consisted of a series of diagnostic procedures with no more than 12 months between consecutive procedures, including the first screening.
Statistical Analysis
We compared the two screening groups with respect to adherence of the participants to the testing protocol, image quality, types of diagnostic procedures, and results (positive or negative screening result, ultimate diagnosis, and initial treatment information). The results were stratified according to group and, in some cases, age, sex, race, educational level, and smoking history. All tabulations were performed with the use of SAS/STAT software, version 9.1 of the SAS System for Unix or version 9.2 for PC (SAS Institute).
Each screening result was judged to be positive or negative, and a strict algorithm was used to ascertain whether lung cancer was present at the time of screening (see details in the Supple-mentary Appendix, available with the full text of this article at NEJM.org). Confidence intervals were calculated by means of bootstrapping. 19 
R e sult s
Recruitment and Randomization
From August 2002 through April 2004, a total of 53,454 participants were enrolled at 33 sites across the United States; 26,722 were randomly assigned to low-dose CT and 26,732 to chest radiography. Figure 1 shows the follow-up of participants during the trial. 20 A total of 8 participants had lung cancer and 7 died before the first scheduled screening. Of the remaining 53,439 participants, 26,715 were in the low-dose CT group and 26,724 were in the radiography group.
Screening
The first scheduled screening examination was performed in 98.0% of the participants (52,344 of 53,439) -specifically, in 98.5% of the participants in the low-dose CT group (26, A total of 490 lung cancers were diagnosed: 406 in participants with positive screening results (270 in the low-dose computed tomography [CT] group and 136 in the radiography group), 67 in participants with negative results (18 and 49, respectively), and 9 in participants who missed the screening (4 and 5, respectively), as well as an additional 8 cancers in participants who were ineligible for the initial screening but received a diagnosis of lung cancer during the screening period (5 and 3, respectively). If an inadequate examination was performed (e.g., because of its quality, the image was not interpretable) and no rescreening took place, the participant was considered not to have been screened. In the low-dose CT group, the positive predictive value for any positive finding that led to a biopsy procedure was 52.9% (265 of 501; 95% CI, 48.4 to 57.4), but the positive predictive value for positive screening results overall was only 3.8% (270 of 7181; 95% CI, 3.3 to 4.2) ( Table 2 ). The positive predictive value for pulmonary nodules 4 mm or more in the longest diameter was 3.8% (267 of 7010; 95% CI, 3.4 to 4.3); the value increased from 0.5% to 41.3% as the diameter of the nodule increased from 4 to 6 mm to more than 30 mm. The positive predictive value for noncalcified hilar or mediastinal adenopathy was 18.5% (51 of 276; 95% CI, 14.1 to 23.4). Overall, with low-dose CT, the negative predictive value was 99.9% (19,043 of 19,061; 95% CI, 99.86 to 99.94).
In the radiography group, the positive predictive value was 70.2% (132 of 188; 95% CI, 64.0 to 76.8) for a positive screening result that led to a biopsy procedure but only 5.7% (136 of 2379; 95% CI, 4.8 to 6.6) for positive screening results overall ( Table 2 ). The positive predictive value for pulmonary nodules was 5.8% (123 of 2105; 95% CI, 4.9 to 6.9); the value increased from 1.0% to 39.3% as the diameter of the nodule increased from 4 to 6 mm to more than 30 mm. The positive predictive value for noncalcified hilar or mediastinal adenopathy was 9.3% (8 of 86; 95% CI, 3.8 to 15.8). Overall the negative predictive value was 99.8% (23,547 of 23,596; 95% CI, 99.7 to 99.8).
The positive predictive values for atelectasis and consolidation could not be reliably estimated because, unlike pulmonary nodules 4 mm or greater in the longest diameter, these findings were not always considered to be positive and, even when reported on a positive screening result, they often coexisted with pulmonary nodules and so may not have determined a positive screening test.
Diagnostic Follow-up Procedures
Of the 9578 participants with positive screening results, 9397 (98.1%) had completely documented diagnostic follow-up. At least one diagnostic procedure was performed in 6369 of 7049 participants (90.4%) in the low-dose CT group and in 2176 of 2438 participants (92.7%) in the radiography group (Table 3) . A total of 5717 participants (81.1%) and 2010 (85.6%) participants in the two groups, respectively, underwent at least one follow-up imaging procedure, with chest CT performed in 5153 (73.1%) and 1546 (65.8%) and 18F-fluorodeoxyglucose-positron-emission tomography (FDG-PET) performed in 728 (10.3%) and 179 (7.6%); 155 (2.2%) and 83 (3.5%) underwent at least one percutaneous cytologic or biopsy procedure; 306 (4.3%) and 107 (4.6%) underwent at least one bronchoscopy (with or without transbronchial biopsy); and 297 (4.2%) and 121 (5.2%) underwent at least one diagnostic surgical procedure. In the low-dose CT group, thoracoscopy was performed in 44 participants with true positive results and in 38 participants with false positive results. In the radiography group, thoracoscopy was performed in 14 participants and 8 participants with true positive results and false positive results, respectively.
Because some of the imaging procedures were performed more than once in the same participant, a comparison of the total numbers of procedures in the two groups may best reflect the diagnostic burden. In the low-dose CT group, a total of 10,313 imaging procedures were performed, including 7288 chest CT examinations, as compared with 3657 imaging procedures in the radiography group, including 2158 chest CT examinations.
Procedure records were collected routinely only for participants with a positive screening result. However, participants with a negative screening result may also have undergone diagnostic procedures prompted by the screening result; thus, the data shown in Table 3 underrepresent the total number of procedures prompted by the screening examination.
Stage, Histologic Features, and Treatment of Lung Cancer
There were 292 cases of diagnosed lung cancer in the low-dose CT group and 190 in the radiography group, with the difference nearly completely accounted for by the higher incidence of stage IA cancer in the low-dose CT group (132 cases, vs. 46 in the radiography group). Table 4 shows the characteristics of the diagnosed lung cancers. There was no significant difference in the total number of lung cancers in stages IIB through IV between the low-dose CT group and the radiog- Size of nodule or mass † <4 mm * Numbers refer to the number of participants with a positive screening result who underwent any diagnostic procedure at least once. Not included are participants with a positive screening result for whom information on diagnostic procedures was incomplete (142 in the low-dose CT group and 39 in the radiography group). Diagnostic procedures were defined as follows: clinical evaluation (evaluation during an outpatient visit -physical examination, pulmonary-function testing, sputum cytologic assessment, or comparison of screening results with historical images), chest CT (diagnostic, low-dose, or limited-anatomy chest CT, with or without concurrent CT examination of the abdomen, pelvis, head and neck, or brain), fluorodeoxyglucose-positron-emission tomography (FDG-PET) CT (F-18 or fusion), extrathoracic percutaneous cytology or biopsy (extrathoracic lymph-node biopsy or percutaneous biopsy of liver, adrenal, or other extrathoracic tissue), thoracoscopy (with or without biopsy), or other procedures (other cytologic or biopsy procedures, procedures coded as "unknown," and procedures other than those listed by name on data-collection forms). † The participants with confirmed lung cancer do not include the 8 participants who were ineligible for the initial screening because of a prior lung-cancer diagnosis and 76 participants who received a diagnosis of lung cancer during the initialscreening year (9 who did not undergo screening and 67 with a negative screening result). "No" denotes lung cancer that was not confirmed because of a negative diagnostic result or an unknown reference standard. The denominators for cancer stage and histologic features were the total number of cancers with a known stage and the total number of cancers with known histologic features, respectively. Negative screening results include findings that were classified as either minor or clinically significant abnormalities that were not suggestive of lung cancer.
received no treatment at all. However, for each cancer stage, the relative frequencies of treatment types did not differ significantly between the two screening groups ( Table 1 in the Supplementary Appendix) .
Discussion
We report the prevalence of abnormalities in the NLST population at the onset of screening. 8 As expected, more positive screening results, more diagnostic procedures, more biopsies and other invasive procedures, and more lung cancers were seen in the low-dose CT group than in the radiography group during the first screening round.
In addition, more early-stage lung cancers, but similar numbers of late-stage cancers, were diagnosed in the low-dose CT group.
Our findings for screening with the use of low-dose CT are similar to those in previous large studies of low-dose CT screening (Early Lung Cancer Action Project [ELCAP], 22 International Early Lung Cancer Action Program [I-ELCAP], 23 Mayo, 24 Milano, 25 Lung Screening Study Feasibility Phase, 26 Pittsburgh, 27 and NELSON [Current Controlled Trials number, ISRCTN63545820] 28 ). The ages and smoking histories of our participants were similar to those of participants in most of these studies. In addition, the sensitivity (93.8%), specificity (73.4%), rate of positive screening results (27.3%), and positive predictive value (3.8%) of low-dose CT were in the midrange of the corresponding values in the previous studies, as was the proportion of participants who underwent biopsy (1.9%).
Two additional findings suggest that screening by means of low-dose CT was well implemented in our study. The compliance rate of 98.5% was much higher than the 85% rate that was assumed for each screening round in our sample-size calculation, and only four of the lowdose CT scans were judged to be nondiagnostic.
The high rate of positive screening results (and the low positive predictive value) with lowdose CT resulted in the performance of many diagnostic procedures. Nonetheless, the number of follow-up chest CT scans per positive screening result in the low-dose CT group was modest -approximately 1 scan per positive screening result (i.e., 7288 CT scans performed per 7049 participants with a positive result of low-dose CT scanning). A recent cost-effectiveness analy-sis of lung-cancer screening 29 assumed, for the baseline case, that nodules 4 to 8 mm (presumably in the longest diameter) would be evaluated by means of serial CT at 3, 6, and 9 months, on the basis of the protocol for the Mayo study, 30 which started in 1999. Subsequent reports have recommended less frequent follow-up CT, as reflected in our trial, which should improve the cost-effectiveness of the procedure in the face of its high rate of positive results.
Some of our findings with respect to the initial low-dose CT screening are not fully consistent with those reported previously. The prevalence of lung cancer (1.1%) is at the low end of the reported range in prior large studies of participants with similar smoking histories (1.0 to 2.8%) but is close to the rate of 1.0% in the NELSON trial, the most recent study that is comparable to ours. This low rate may be due to some combination of the following factors: the healthy-volunteer effect (volunteers in trials are healthier than the general population), a younger population in our study than in the most recent studies, the high proportion of former smokers in our study, and the limitations of lung-cancer prediction estimates that are based on pack-years. 31 The proportion of all lung cancers classified as stage I (55%) was also low relative to the range reported in other studies (54 to 85%), but this may be partly due to exclusion of small-cell cancer in the other studies and the more frequent use of PET-CT to ascertain the cancer stage in our study. Adenocarcinoma was the most common histologic finding in both our study and previous studies. Bronchioloalveolar carcinoma occurred about twice as frequently in our study (with a rate of 13%) than in others, possibly because of higher spatial resolution of the screening procedure and more frequent reporting of this type of carcinoma. Bronchioloalveolar carcinoma is no longer reported in many centers, on the basis of recent recommendations, 32 and may soon be only of historical interest.
The results of chest radiography in our study were also similar to those in the comparable subgroup of participants in the PLCO radiography group. 10 In our radiography group and the PLCO radiography subgroup, 9.2% and 11.0% of participants, respectively, had positive screening results; 0.7% and 0.8% underwent biopsy; and 0.5% and 0.6% had lung cancer detected on screening; the sensitivity in the respective groups was 74% and 77%, the specificity was 91% and 90%, and the positive predictive value was 5.7% and 5.5%. These similarities suggest that more important outcomes, including mortality from lung cancer, should also be similar.
Several limitations of our study deserve discussion. Our participants were similar to the general population of smokers in the United States except for a higher proportion of former smokers and a higher educational level, which may partly explain the lower prevalence of lung cancer in our study than in other studies. This suggests that caution should be used in generalizing other results of the initial round of screening in our study to the U.S. population of smokers. In addition, because the numbers of follow-up procedures were counted only in participants with positive screening results, they undoubtedly underestimate the frequency of diagnostic procedures performed because of a screening result (e.g., procedures performed to investigate potentially clinically significant abnormalities). Finally, because mortality was not reduced by screening with chest radiography among the PLCO participants who were comparable to our participants, 10 the anticipated comparison of the results of our first round of low-dose CT screening with no screening in the ongoing NELSON trial should be of great in terest.
